Activation of the mitogen-activated protein kinase (MAPK) cascade is critical in the control of cellular growth by mitogenic signals in many different cell systems, including those received by tyrosine kinase, G protein-coupled and cytokine receptors, as reviewed in ref. 1 . Introduction of dominant-negative forms of MAPK or MAPKK blocks quiescent cells from entering the cell cycle in response to growth factors (2) (3) (4) . Activated forms of MAPKK lead to reduced dependence of cellular growth on mitogens as well as increased growth rate (3, 4) and can promote tumor growth in vivo (4) (5) (6) .
The MAPK cascade consists of a series of serine͞threonine kinases activated downstream of the small G-protein, Ras. Ras-GTP binds to and activates the serine͞threonine kinase, Raf. Raf directly activates MAPKK1 and MAPKK2, which in turn activate the MAPK isoforms extracellular-regulated kinases (ERK)1 and ERK2 . On stimulation of cells with mitogens, ERK1 and ERK2, along with the downstream kinases of the ribosomal subunit kinase family, translocate to the nucleus where they phosphorylate a number of transcription factors (7) . In addition to a nuclear function, MAPK has important functions in the cytoplasm. One-half of active MAPK fractionates with the microtubule cytoskeleton in cell extracts (8) . Through phosphorylation of microtubuleassociated proteins, MAPK regulates microtubule dynamics and other cytoskeletal changes that accompany growth (9) (10) (11) ). An additional pool of MAPKK1 has been shown to regulate breakdown of Golgi cisternae before cell division (12) . The MAPK cascade appears to affect growth through both a nuclear function in transcriptional regulation and cytoskeletal regulated processes.
During meiosis, activation of the MAPK cascade by a germ cell-specific MAPKK activator, Mos, releases immature oocytes from a G 2 arrest and promotes a metaphase arrest in meiosis II (13, 14) . The role of the MAPK cascade in the proliferation of mammalian somatic cells independent of a role in cell-cycle entry from G 0 has not been well characterized. We observed previously that ectopic expression of MAPKK1 mutants affected the growth rate of cycling cells (3) . A role for the MAPK cascade in progression through the mammalian somatic cell cycle was investigated in this report by synchronizing NIH 3T3 cells and measuring the kinetics of progression through different cell-cycle phases under conditions where MAPKK activation was inhibited. In addition to a predicted role in the G 1 phase, MAPKK activity was found to be required at the G 2 ͞M transition for the timely activation of CDC2 and progression into mitosis.
MATERIALS AND METHODS
Cell Culture. Stable cell lines were generated from NIH 3T3 cells obtained from American Type Culture Collection in 1995, as described previously (3) . For synchronization, cells were plated at low density and serum starved. After 48 hr, cells were stimulated with 10% FCS and 1 g͞ml aphidicolin (Sigma). After 16-18 hr, cells were washed to remove the aphidicolin and overlaid with DMEM ϩ 10% FCS. Experiments with PD 98059 were carried out with platelet-derived growth factor (PDGF) as a mitogen, because PD 98059 did not block MAPK activation by 10% FCS (unpublished results). Quiescent cells were stimulated with 0.2 nM PDGF and 1 l͞ml 1,000ϫ insulin, transferrin, selenium (ITS) (GIBCO͞BRL) in DMEM. In the defined medium, cells cycled through all phases more slowly than with growth in FCS. PD 98059 (Calbiochem) was added to cells from a 10 mM solution in DMSO. An equivalent volume of DMSO was added to control plates.
Fluorescence-Activated Cell Sorter (FACS) Analysis. Cells were trypsinized and fixed in 70% ethanol. Washed cells were stained with propidium iodide (PI) [4 mM sodium citrate͞ 0.1% Triton X-100͞30 units͞ml DNase-free RNase A (Boehringer Mannheim)͞50 g/ml PI (Sigma)]. For MPM-2 staining, cells were fixed in 90% MeOH and incubated in a 1:750 dilution of the MPM-2 antibody followed by a 1:250 dilution of FITC-conjugated rabbit anti-mouse IgG (BioSource International, Camarillo, CA) in PBS with 3% BSA͞0.05% Tween 20͞2% NaN 3 . Cells were then stained with PI as described above. The MPM-2 antibody experiments were performed in the laboratory of R. Margolis in Grenoble, and in these experiments the overall cell-cycle transit time for all cell lines was faster by several hours than experiments performed in Seattle. The altered rate of growth is likely because of differences in FCS stocks between the two laboratories. All data were interpreted based on comparison of control cells analyzed in the same experiment. Analysis was done on a FACScan system by using the LYSIS II program (Becton Dickinson). Histograms were prepared from the data by using REPROMAN (True Facts, Seattle, WA) or LYSIS II. The percent of cells in G 1 , S, or G 2 ͞M was quantified by DNA content by using the REPROMAN program. A cell population was recorded as being in a particular phase at time points when Ͼ50% of the cells fell within the corresponding window of PI fluorescence intensity. The kinetics of cell-cycle progression was measured in two to seven independent experiments for each clone.
MAPK Assays. Cell extracts were prepared in 50 mM ␤-glycero-phosphate͞0.1 mM Na 3 VO 4 ͞1 mM DTT͞1% Triton X-100͞1 mM EGTA, pH 7.5͞10 g/ml leupeptin (United States Biochemical)͞10 g/ml aprotinin (Sigma)͞2 g/ml pepstatin A (Sigma)͞1 mM each benzamidine (Sigma) and Pefabloc (Sigma). Cell lysates were fractionated by centrifugation at 14 K rpm. Supernatants were quick frozen at Ϫ70°C. MAPKK, and MAPK activities were measured in solution on DE-52 fractionated extracts as described previously (15) . By using this method, MAPKK1 and MAPKK2 activities are measured collectively, as are those of ERK1 and ERK2. MAPK phosphorylation in vivo was monitored by gel mobility shift assays performed on SDS gels with an acrylamide͞ bisacrylamide ratio of 30:0.4 and probed with an antiserum that recognizes both ERK1 and ERK2 (3).
CDC2 Kinase Assays. Extracts were prepared as described for the MAPK assays. Cell extract (200 g) was immunoprecipitated with anti-cyclin B antibody (no. SC-245, Santa Cruz Biotechnology) and protein A-Sepharose (Sigma). The immunoprecipitates were incubated with 4 g histone H1 protein (Sigma) in 50 mM Tris, pH 7.5͞10 mM MnCl 2 ͞1 mM DTT͞70 mM NaCl͞10 mM ␥- 
RESULTS
Expression of MAPKK Mutants Alters the Kinetics of G 2 ͞M Progression. Ectopic expression of catalytically inactive forms of MAPKK1 generates a ''dominant-negative'' phenotype, interfering with activation of the endogenous enzyme. Expression of these MAPKK1 mutants in NIH 3T3 cells blocks cell from entering the cell cycle (3). Cells expressing the dominant-negative mutants also displayed slower growth rates (3) . To determine when MAPKK activity was functioning in cycling cells, NIH 3T3 cell lines expressing mutant forms of MAPKK were synchronized by using a serum starvation͞ aphidicolin double block and examined for effects on the kinetics of cell-cycle progression. The two different dominantnegative forms of MAPKK1 used included mutation of the ATP-binding lysine (K97A) and mutation of one of the two regulatory phosphorylation sites (S222A). Cell lines expressing either wild-type or another mutant form of MAPKK1 (S222E) as well as mock-transfected cells were examined as controls. The S222E mutant behaved essentially like wild-type kinase because it still requires phosphorylation of serine 218 for activation (3) .
Quiescent cells were stimulated to enter G 1 with 10% FCS. At the time of stimulation, aphidicolin was added to collect the stimulated cells at the G 1 ͞S boundary 14 to 18 hr later. Aphidicolin binds directly to DNA polymerase and blocks DNA synthesis, while allowing for RNA and protein synthesis and progression through G 1 (16) . Within 1 hr of the removal of the aphidicolin, 80-90% of the cells commenced DNA synthesis as seen by an increase in fluorescence intensity of cells stained with PI and analyzed by FACS. Cells maintained Ն80% synchrony through the cell cycle (Fig. 1A) .
As compared with controls, cells expressing the dominantnegative forms of MAPKK1 were delayed in G 2 ͞M. Two or three independent clones expressing each mutant class were tested (Table 1) , and FACS histograms from a representative experiment are shown in Fig. 1 A. All the cell lines demonstrated similar rates of progression through S phase, except the K97A mutant expressing cells that showed a 1-hr elongation of S phase. On completion of DNA synthesis, the cells expressing either of the dominant-negative mutants maintained 4n DNA content for 2-3 hr longer than controls (Fig. 1 A) . These data indicate that the cells with reduced MAPKK activity had a delay in either the onset of or progression through mitosis. In contrast, overexpression of a wild-type or the S222E mutant kinase had little or no effect on the progression through G 2 ͞M. A and B show a profile of cells stained with PI for DNA content at a series of time points after release from an aphidicolin arrest at the G1͞S transition. At 0 hr (Upper), when the aphidicolin was removed, cells had 2n DNA content. As they progressed into S phase, the fluorescence intensity per cell increased (peak shifts to the right) to give Ͼ2n but Ͻ4n. At 6 hr, the majority of the cells had 4n DNA content and accumulated in a G2͞M peak. Over the next 3 hr, mock cells progressed through G2 and M, and recovered 2N DNA content in G1 (9 hr). By 15 hr, the mock cells had completed one cell cycle and were entering a second round of S phase. ''Mock'' is a cell line transfected with the pcDNA3 vector; ''S222A'' is a cell line transfected with the S222A-MAPKK1 mutant; ''K97A'' is a cell line transfected with the K97A-MAPKK1 mutant. (B) MAPK phosphorylation in NIH 3T3 cell lines expressing MAPKK1 mutants was measured by gel mobility shift assays of synchronized extracts from mock-transfected and S222A MAPKK-mutant transfected cell lines. The position of unphosphorylated and phosphorylated ERK1 and ERK2 are indicated to the right of each panel. Table 1 shows that similar results were obtained with multiple independently selected clones of mock-transfected controls or cells transfected with either S222A or S222E, arguing that differences were not caused simply by clonal variation.
Expression of dominant-negative mutant MAPKK1 effectively blocks mitogen stimulation of the MAPK cascade in quiescent NIH 3T3 cells (3) . To determine the effect of these mutants on MAPKK activity in cycling cells, endogenous MAPKK activity in cycling cells was measured in vivo by monitoring endogenous ERK1 and ERK2 phosphorylation in a gel mobility shift assay of synchronized cell extracts (Fig. 1B) . In control cells, ERK phosphorylation was detectable throughout the cell cycle, albeit at a reduced level compared with that observed in stimulated quiescent cells (Fig. 1B and data not shown). In comparison, the ERK phosphorylation was significantly attenuated in the cells expressing the S222A-MAPKK (Fig. 1B) at all time points. As part of the synchronization protocol, the cells were re-fed with fresh serum-containing media after removal of the aphidicolin. This stimulation likely contributes to the ERK phosphorylation observed in the synchronized extracts, especially at the earlier time points (Fig.  1B) . These data are shown to demonstrate the ability of the dominant-negative MAPKK1 mutant to block all endogenous MAPKK activity throughout the cell cycle in our experimental system. In general, MAPK is active throughout G 1 and then reduces as the cells enter S phase (data not shown and ref. 46 ).
The delay with 4n DNA observed with expression of dominant-negative MAPKK mutants is consistent with either a G 2 delay and͞or a mitotic delay. To distinguish between the two, cells expressing MAPKK mutants were further analyzed for the appearance of the mitosis-specific MPM-2 antigens (17). MPM-2 is an antibody with specificity toward a number of mitosis-specific protein phosphorylation sites. The reactivity of cells with this antibody increases dramatically during mitosis (17) . At time points after release into S phase, synchronized S222A MAPKK-transfected cells and control cells were stained with the MPM-2 monoclonal antibody as well as with PI for DNA content. A two-parameter FACS analysis allowed simultaneous assessment of DNA content and level of MPM-2 antigens for each cell ( Fig. 2A) . Fig. 2B graphically illustrates the percent of cells that were MPM-2-positive as a function of time in two experiments, Fig. 2B Left corresponding to the data in Fig. 2 A. The mock-transfected cell line peaked in MPM-2 reactivity at 6.5 hr after release, whereas the dominantnegative S222A mutant peaked in MPM-2 signal at 8 hr. In an additional experiment (Fig. 2B Right) , the S222E mutant, which showed normal G 2 ͞M kinetics by PI staining (Table 1) , also peaked in MPM-2 signal at 6.5 hr, whereas the S222A mutant again showed delayed appearance of MPM-2 antigens. These results suggest that the dominant-negative mutantexpressing cells were delayed in G 2 . Further evidence that cells were delayed in G 2 is that S222A mutant cells had a spread morphology and intact nuclear envelopes at 6.5 hr after release, whereas controls had peak populations of rounded cells without intact nuclei (data not shown).
The interphase-mitosis transition is triggered by the activation of the cyclin B-CDC2 kinase complex. Comparison of mock-and S222A-transfected cell lines revealed that the peak of CDC2 kinase activity in the S222A mutant was both *Each clone is labeled with the letters of the mutation, followed by the cell clone number assigned in the original isolation (e.g., S222A-13). ND, not determined. † For some clones, the timine of cell-cycle progression was measured fewer than three times and standard error could not be calculated. attenuated and delayed by 2-3 hr (Fig. 2C) . These data suggest that MAPKK activity was required for activation of CDC2 in G 2 , and the delay in progression into mitosis in the MAPKKmutant expressing cells is a result of stalling CDC2 activation.
MAPKK Mutant Cells Develop a Tetraploid Subpopulation.
Another phenotype observed with the MAPKK overexpressing cell lines was that 10-30% of the cells were tetraploid, depending on the clone. Tetraploidy was observed as a subset of synchronized cells that had twice the DNA fluorescence intensity at all time points, cycling between 4n and 8n DNA content (Figs. 1 A and 2 A) . The possibility that these cells represented cell-cell doublets was excluded by ''gating'' to include only single cells during collection of the FACS data. A defect in cytokinesis, as determined by the presence of binucleate cells, was ruled out by microscopic examination of PI-stained cells (data not shown). The generation of tetraploid cells is presumably caused by the cells undergoing two rounds DNA synthesis without mitosis or by failure of chromosome segregation in mitosis. A tetraploid subpopulation of cells was observed in seven of seven MAPKK mutant-expressing cell lines, but in only one of four mock-transfected cell lines. When a single cell cycle was examined in mutant cells as shown in Fig.  1 , no measurable increases in ploidy were observed in the FACS analysis of PI-stained cells. This indicates that the incidence of mitotic bypass or failure was low, and that the significant percent of tetraploid cells was likely because of accumulation of events over multiple cell divisions during selection of the clonal cell lines.
The MAPKK Inhibitor PD 98059 Causes a G 2 Arrest in Synchronously Growing Cells. The G 2 delay observed in the MAPKK mutant cells suggests that MAPKK activity is required for some aspect of G 2 progression into mitosis. An inhibitor of MAPKK was added to synchronized NIH 3T3 cells late in S phase to test whether the kinase activity was specifically required during G 2 as opposed to an indirect effect caused by a deficiency in essential G 2 factors synthesized earlier in the cell cycle. The drug PD 98059 has been shown to specifically block the activation of MAPKK1 and MAPKK2 in vivo (18) . This drug was relatively inactive in high serum (unpublished data), so the effects of PD 98059 on cell-cycle progression were assessed in cells grown in a defined medium with PDGF rather than whole serum as a mitogen.
Cells were synchronized with a serum star vation͞ aphidicolin double block and stimulated with PDGF to enter the cell cycle. PD 98059 was added 8 hr after release into S phase and cell-cycle progression was followed for 30 hr (Fig.  3A) . At 20 hr after release into S phase, the control cells had completed mitosis and returned to G 1 , whereas all of the cells treated with PD 98059 were arrested in G 2 with 4n DNA content. The arrested cells maintained the flat morphology and intact nuclear envelope characteristic of interphase cells (microscopic data not shown). Drug-treated cells remained blocked with 4n DNA content for an additional 10 hr, with only 30% of the cells successfully completing mitosis and reentering G 1 by the 30-hr time point. The subset of cells that reentered G1 either eventually acquired the ability to undergo mitosis in the absence of MAPKK activity, or the active concentration of the PD 98059 fell below a threshold level allowing sufficient MAPKK to be activated in these cells. The latter possibility is supported by our observation that PD 98059 only poorly inhibits MAPKK activation by growth factors when the drug is added 16 hr before stimulation, as compared with 30 min before stimulation (J. S. Campbell and J.H.W., unpublished results). With either explanation, the block induced by the drug appears to be reversible. When CDC2-cyclin B activation was measured in synchronized cell extracts prepared from cells treated with the drug in late S phase, PD 98059 significantly reduced the activation of CDC2 as compared with the DMSO control (Fig. 3B) .
The dose response for the arrest of cells in G 2 by PD 98059 was compared with the dose response for drug inhibition of MAPKK and MAPK activation by PDGF. Various doses of PD 98059 were added to synchronized S phase cells, and the percentage of cells in G 2 vs. G 1 was assessed at 20 hr after release. Both G 2 progression (Fig. 3C Upper) and activation of was measured by using a coupled assay with ERK2 as substrate. MAPK activity (gray bars) was measured by using myelin basic protein as substrate.
MAPKK and MAPK (Fig. 3C Lower) were inhibited in a dose-responsive manner. The doses required for inhibition of the kinases and for G 2 progression were comparable. PD 98059 (100 M) blocked MAPKK and MAPK activation completely and caused significant cell cycle arrest in G 2 . At PD 98059 concentrations of 30 and 50 M, MAPKK activation was still significantly blocked, yet MAPK activation was only 50% inhibited and only a slight delay in G 2 was observed (Fig. 3C) . The equivalence of the dose responses is consistent with PD 98059 blocking cells in G 2 as a result of blocking MAPK activation. To rule out the possibility of any artifactual requirement for MAPKK activity in G 2 as a result of holding the cells at the G 1 ͞S boundary, quiescent cells were stimulated with PDGF in the absence of aphidicolin. PD 98059 was added 20 hr later after all the cells had entered the cell cycle (PD 98059 treatment will block the cells from entering the cycle if added with mitogen) (19) . Even in the absence of an aphidicolin arrest, 100 M PD 98059 still caused a dramatic G 2 arrest (Fig. 4) .
In parallel experiments, PD 98059 was added to synchronized cells in early G 1 at 17 hr after aphidicolin release. Under these conditions, MAPKK inhibition arrested postmitotic cells in G 1 (data not shown). This result was anticipated based on the fact that MAPKK has been shown to be required for the G 0 ͞G 1 -S transition (3) . Together, these data indicate that MAPKK activity is required for both the G 2 ͞M and G 1 ͞S transitions in actively cycling NIH 3T3 cells.
DISCUSSION
It has previously been established that activation of MAPK cascade is essential for entry into the somatic cell cycle in response to mitogens. A careful analysis of synchronized cells has revealed that the MAPK cascade functions not only in the G 0 ͞G 1 -S transition but also in the transition from G 2 to M in NIH 3T3 cells. Initially, we expected our previously published reduction in growth rate of cells expressing dominant-negative MAPKK mutants (3) to be explained by cells having a longer G 1 phase or a greater propensity to exit the cell cycle after mitosis. Instead the slower growth in these cells was linked to a delay in G 2 ͞M progression in multiple independent clones. Cells were delayed either in G 2 or early prophase by the criterion that cells remained longer with 4n DNA content, but before nuclear envelope breakdown, CDC2 activation, and MPM-2 epitope phosphorylation. This result is in accord with evidence for a G 2 ͞M function of two oncogenes that activate the MAPK cascade, Src and Raf, reviewed in ref. 20 .
The ability of the MAPKK inhibitor PD 98059 added in late S phase to block the following G 2 ͞M transition corroborates results obtained with the mutant cells. It also indicates that MAPKK activity was required directly during these latter phases of the cell cycle rather than being required earlier for expression of a protein that functions later at the G 2 ͞M transition. Although PD 98059 has been shown to be a specific inhibitor of MAPKK (not inhibiting other kinases) (18) , it has recently been found to be a potent inhibitor of cyclooxygenase (21) . This alternative activity of PD 98059 is not likely to be responsible for the G 2 arrest, because the doses of drug required to inhibit both MAPK activation and G 2 progression were similar, whereas the dose required for cyclooxygenase inhibition is two orders of magnitude lower than was required for G 2 arrest (21) .
In Xenopus oocytes, the MAPK cascade plays an essential role in the onset of meiosis I during meiotic maturation (22) (23) (24) in response to synthesis of the germ cell-specific MAPKK activator Mos. Data presented here are the first evidence that MAPKK functions in the onset of mitosis in somatic cells where Mos is not expressed (13) . Our results in fibroblasts are also in marked contrast to cycling embryonic extracts from Xenopus, where MAPK activity is not required for mitotic entry (25) and can even inhibit mitotic entry when inappropriately activated (26, 27, 47) . These early mitotic cycles differ from somatic cell cycles in that they are very rapid and lack G 1 and G 2 phases (28) . Likely MAPKK functions in a somatic cell G 2 checkpoint that is absent during embryogenesis. There are multiple checkpoints in somatic cells during G 2 or early prophase before nuclear envelope breakdown such as those that sense DNA damage or incomplete DNA replication and decatenation, reviewed in ref. 29 . Interestingly, a Schizosaccharomyces pombe MAPKK homologue, WIS1, has been shown to function as a dose-dependent inducer of mitosis (30) . In mammalian cells, MAPKK2 has been implicated in recovery from a DNA damage-induced G 2 arrest (48) . Because 100 M PD 98059 blocks both MAPKK1 and MAPKK2 activation (18) , the G 2 block we observed when cells are drug treated in S phase may relate to this DNA damage-induced checkpoint.
The G 2 ͞M phase transition is triggered by the activation of the CDC2-cyclin B kinase complex (31, 32) . CDC2-cyclin B kinase activation in G 2 was delayed in the dominant-negative MAPKK-expressing cell lines and was also blocked by addition of PD 98059 to S phase cells, indicating that MAPKK activity was required for the activation of CDC2 at the G 2 ͞M transition. The CDC2 kinase is regulated by multiple factors, which culminate in the rapid dephosphorylation of CDC2 and activation of the CDC2-cyclin B complex at the G 2 ͞M transition (33) . Cyclin B protein levels are cell-cycle regulated, with the protein synthesized de novo each cell cycle (34) . In data not shown, Western blots probed with anti-cyclin B revealed no decrease in cyclin B levels in the same synchronized extracts from MAPKK dominant-negative mutant-expressing cells that were delayed in CDC2 activation. Thus a deficiency of cyclin B was not responsible for the observed G 2 delay in the mutant cells.
Myt1 is a major protein kinase activity in somatic cells that keeps cyclin B-CDC2 complexes inactive through phosphorylation during S and G 2 phases (35) . The MAPK-regulated kinase ribosomal subunit kinase phosphorylates and inactivates Myt1 (36) . MAPK inhibition could therefore increase Myt1 activity and prevent CDC2 activation. MAPK could also regulate CDC2 through phosphorylation of cyclin B. Cyclin B is a substrate for MAPK (37) , and phosphorylation of cyclin B on MAPK sites is important for translocation of the complex to the nucleus, where it is activated by CDC25C (38) . MAPK may also regulate CDC2 activation indirectly through regulation of microtubule networks where the CDC2-cyclin B complex is localized (39) . MAPK plays an essential role in spindle formation (40) , and MAPKK1 is required for Golgi fragmentation (12), providing two important cytoplasmic functions for these kinases in the G 2 ͞M transition. MAPKK function at G 2 ͞M may also be nuclear given a recent report showing striking translocation of MAPKK1 to the nucleus during early prophase (41) .
In addition to the effect on cell-cycle kinetics, overexpression of MAPKK1 mutants induced tetraploidy in a subpopulation of cells, indicating that these cells bypassed mitosis or failed in chromosome segregation with some frequency. Unlike the G 2 delay, the tetraploidy developed in cell lines ectopically expressing all forms of MAPKK1, both active and inactive. MAPK likely has multiple roles in mitosis and needs to be correctly activated and inactivated for normal mitotic progression. Indeed, it was shown in Xenopus that the level of MAPK activity affects the duration of mitosis (40) . In the recent report from Abbott and Holt discussed above (48) , it is interesting to note that a fraction of their MAPKK1-mutant cells developed a new peak of 8n DNA after recovery from ionizing radiation. This indicates that, although they show that MAPKK2 is required for recovery from the arrest, MAPKK1 may be important to prevent cells from bypassing mitosis after DNA damage. The observation that a pool of active MAPK localizes to kinetochores in mammalian cells suggests that MAPK may play a direct positive role in chromosome segregation (42, 43) . A role for the MAPK cascade in mitotic fidelity is supported by a pronounced decrease in chromosome stability with deregulation of activators of the MAPK cascade (44, 45) .
The MAPK cascade has been extensively studied in the stimulation of quiescent cells with mitogenic factors and is generally considered to be an important factor in the initiation of growth or mitogenesis. We have investigated the role for the MAPK cascade in actively growing cells by examining interactions between MAPKK activity and different cell-cycle phases by using synchronized NIH 3T3 cells. Results presented here demonstrate that this cascade not only promotes growth through mitogenic signaling to enter the cell cycle, but also functions in putative signal transduction pathways required for progression through the G 1 and G 2 phases of the cell cycle in actively cycling fibroblasts.
